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1. INTRODUCTION 

BLDC motors have an outsized number of applications in industries. The only difference between a 
BLDC motor and a permanent synchronous motor is the back EMF [1], [2]. The back EMF in a permanent 
synchronous motor is of sinusoidal form and in a BLDC, machine is of trapezoidal form. Commutation is the 
process of interchanging the current through the coil which make the motor to spin. The commutation of the 
currents is done with the help of automatically changes DC to AC which is basically supplied by a DC 
source. 

The currents which induced in the rotating part can be failed due to very high resistivity of mutually 
stainless steel and magnet. Damping winding should be of very less value because due to this only magnetic 
flux got decreases [3], [4]. The BLDC Motor is run on DC supply rather than AC Supply. The DC voltage is 
converted into 3-phase AC voltage, which is then supplied to the motor. AC source can also be used and then 
it can be converted into DC but the main disadvantage of converting AC to DC is that it will cause new 
problems like THD, poor power factor, poor quality etc. that’s why BLDC motors are run on DC source and 
not on AC [5], [6]. The DC source can be directly connected or it can be given by connecting it across any of 
the converters like DC-DC converter, SEPIC converter etc. BLDC fed with diode bridge rectifier has poor 
power factor. By using different converter techniques Voltage can be controlled and power factor can be 
improved [7], [8]. 

Different simulations are performed by researchers to analyse the performance and process of the 
procedure to get the better speed regulation and higher starting torque of the motor. The researchers are 
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working on tuning PID controllers by performing iterations, trying PSO algorithms, experimenting using 
Fuzzy logic controllers and also trying the conventional methods [9], [10]. Speed control theatres a necessary 
role in the current world. The speed control offers many advantages such as higher reliability, higher 
efficiency, high starting torque and reduced electrical noise. The speed control is of two types: open and 
closed loop. In this first system, there is no response path and the desired speed may/may not be obtained. 
The machine parameters and gate pulses sequences are considered, which needed to be chosen more carefully 
while designing the system. The closed loop system is the one in which a feedback loop is always present and 
the speed control is easy. The desired speed can be obtained using this mechanism [11], [12]. The closed loop 
system employed here is the dual closed loop system. 


2. PROPOSED TERMINOLOGY 
2.1. Reference speed 

The input speed to the motor is given by the reference speed. It is the motor speed that is to be 
obtained [13]. The reference speed will be compared with the actual speed of the motor. The difference 
between the actual and reference speed is denoted as error. The enchanced performance of the motor is based 
the zero error from the actual and reference speed. 


2.2. Actual speed 

It is the speed at which the motor rotates. It is obtained from the machine after running the motor 
with initial variables. Initially, this speed is obtained on the basis of the machine parameters and the torque 
given to the motor. The output speed of the motor in the MATLAB Simulink software is expressed in rps. It 
is converted into RPM by multiplying it by gain (k= 30/pi1) [14], [15]. 


2.3. Load torque 

The BLDC Motor needs an external initial load torque so that the motor can run if the current is not 
sufficient enough to start the motor. In these simulations, the load torque is given as a constant value [16]. 
Based on the constant value of torque given, performance of the torque response will be analysed for BLDC 
motor. The BLDC motor require external intial torque during starting of the motor. 


2.4. Rotor position 

This block gives the information about the position of the rotor. This uses the hall sensors which 
send signals corresponding to the position of rotor with signal for each phase. This plays a very important 
role in triggering of gate pulses of 3-phase inverter. 


2.5. Controlled voltage source 

The input to the circuitry is a DC Supply. A controlled voltage source is used which has a fixed 
amplitude but keeps changing with the change in the error speed. The error speed is defined by the difference 
between the actual and reference speed. If the actual speed of the motor varied, the error speed will be 
different. The amplitude of voltage source will be varied due to the change in the acyual speed. 


2.6. Three phase inverter 

It is used to convert the DC supply into the 3-phase AC supply, which serves as input to the motor. 
MOSFET’s are used as switching devices. The gate pulses for these switches are obtained from a closed loop 
system for the operation of the inverter [17]. 


2.7. Decoder 

The function of this block is to convert the hall signals into EMF signals corresponding to each 
phase. The Hall Sensors send the signals corresponding to each phase in the motor. The Hall Effect signals 
are given by Ha, Hb and Hc. These signals are converted into EMF signals represented by emf_a, emf_b and 
emf_c. The decoder can be designed based on this truth table by either using a MATLAB function or by 
traditional methods of using gates [18], [19]. 


2.8. Firing signal generator 

The function of this block is that it provides the gate pulses for the switching of the MOSFET’s in the 
3-phase inverter. This receives the input from the decoder and gives the output as pulses. The number of outputs 
from this block depends on the number of MOSFET switches present in the inverter. The signals then operate 
the inverter in either 120-degree conduction mode or 180-degree conduction mode, depending on the 
requirement [20]. 
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3. OPERATION PRINCIPLE 

The BLDC Motor works on the principle based on the feedback from internal shaft or rotor. Unlike 
brushed DC motors, where feedback is maintained using commutator and brushes, the brushless DC motor 
uses certain feedback sensors to attain the position of the rotor [21]-[23]. For the three phase BLDC motor, 
the back EMF is of trapezoidal form and there is a phase difference of 120-degree [24]-[26]. The model of 
BLDC motor is illustrated in Figure 1. The output waveforms for the back EMF [27], [28] and the output 
currents 1s shown Figure 2. 


Phase A 


Model of BLES Mono 


L Wl 





Figure 1. Model of BLDC motor Figure 2. Output waveforms of back EMF and 
currents 


4. PROPOSED METHOD 

The methods used for the speed control of the BLDC Motor use the dual closed loop speed control 
in which the one loop is used to limit the current or govern the current control or for the control of the gate 
pulses. The other loop is for speed control which is used to get the desired speed as per the requirement. The 
required speed can be either set as an integer value or can be given as step input. The reference speed is given 
as a constant value which can be changed based on the requirement and accordingly the desired speed can be 
obtained. The methods used in this paper are namely speed control using PI controller, using Current 
Controller and a CUK converter based dual closed loop speed control. These methods are compared based on 
the values of current total harmonic distortion (THD), output current (RMS value) and on the values of rise 
time and settling time of the speed response of various methods. 


4.1. PI control 

This method is a dual closed loop speed control in which the PI controller is used for controlling the 
speed of BLDC motor. In this method, the feedback speed from the motor is compared with the reference 
speed. The error speed is then passed through the PI controller which then is given directly to the controlled 
Voltage Source. The voltage source is a DC Voltage Source which gives supply to the MOSFET bridge. The 
bridge converts the DC supply into the 3-phase AC supply which is then given to the motor. The motor gives 
various outputs including stator currents, Hall Effect signals, back EMF voltages, electromagnetic torque and 
speed of the rotor (in rps). The output from the Hall Sensors is then used to determine the position of the 
rotor of the motor. These signals form a closed loop in which these signals are converted into the EMF 
signals and again converted to the gate signals using different topologies and is converted to the gate signals 
based on the number of switches connected in the MOSFET bridge. These signals serve as the gate signals 
for controlling the voltage which in turn control the input voltage to the motor which in turn helps in 
controlling the speed of the motor. The PI controller is used as it helps in eliminating the steady state error. 
The main disadvantage of the PI controller is that the oscillations cannot be removed and also, rise time 
cannot be decreased by use of this controller. The PI controller gives the output based on the sum of 
proportional gain and integral gain. Mathematically: 


Output= Kpe(t) + Ki f; e(t)dt (1) 


The block diagram depicting the circuitry of the system is shown in Figure 3. The truth table depicting the 
operation of the firing signal generator block is depicted in Table 1. The 3-phase inverter operates in 
120degree conduction mode, which is why at a time only two of the switches’ conducts. 
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Reference PI Controlled es ee 
Speed : Voltage ET 
Controller Inverter 
Source 


Actual 
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Firing signal 
Generator 


Rotor Position 





Figure 3. Block diagram using PI control 


Table 1. Firing signal generator truth table 
Emf, Emf, Emf, QI Q2 Q3 Q4 Q5 Q6 


Zero zero Zero Zero Zero Zero Zero Zero zero 
Zero -1 VH Zero Zero Zero VH VH Zero 
-1 VH Zero Zero VH VH Zero Zero Zero 
-1 Zero Zero Zero VH Zero Zero VH Zero 
VH zero -1 VH Zero Zero Zero Zero one 

VH -1 Zero VH Zero Zero VH Zero Zero 
Zero VH -1 Zero Zero VH Zero Zero VH 

Zero zero Zero Zero Zero zero Zero Zero Zero 


4.2. PID controller 

This method of speed control using PID controller is implemented as it has many advantages as zero 
steady state error, no oscillations, higher rate of response and providing more stability to the system. This 
controller is used as it helps in eliminating the overshoot and the oscillations occurring in the system’s 
output. The output in a PID controller is the sum of proportional gain, integral gain and derivative gain as 
illustrated in Figure 4. 


Output=Kpe(t) + Ki f; e(t)dt + Kd * d/dt(e(t)) (2) 


Reference PID Controlled 5 phase 
Speed Controller Voltage Inverter 
Source 


Actual 
Speed 


Firing signal 
Generator 


Rotor Position 





Figure 4. Block diagram of PID controller 


4.3. Proposed current control 

The novelty of the work is based on the proposed current controller which is used to control the 
switching states of the MOSFET bridge. This method takes the Phasor current from the input supply to the 
motor and is compared with a reference value the signals are converted in the form of 0’s and 1’s. The Hall 
effect signals from the hall sensors which determine the position of the rotor give the position in the form of 
0’s and 1’s. These signals are converted into EMF signals of the form -1, 0, +1. These signals are obtained 
based on the decoder truth table. The signals are then compared with the current signals which generate 6 
gate pulses for the MOSFET Bridge. This method helps in controlling the input supply to the motor, indeed 
controlling the speed of the motor. This also uses the dual closed loop system, one loop for controlling the 
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switching of the MOSFET and the other loop for controlling the speed output. The reference speed and actual 
speed are compared and the output signal is given directly to the controlled DC voltage source. The block 
diagram depicting this circuitry of this method is as under Figure 5. 


Fring Signal Current 
5 SIgn `; Decoder 
Generator Controller 


Reference tor mere Current BLDC Rotor 
J g a 
Speed esta measurement Motor Position 
Source 





Figure 5. Block diagram of current controller algorithm 


5. RESULTS AND DISCUSSION 

The simulations are carried on a model of BLDC motor. The parameters of the machine are 
mentioned below with their standard values as shown in Table 2. The simulations are performed in 
MATLAB/Simulink software and the outputs are obtained for different models and are given below. 
Frequency analysis is also performed for all the models. It is done in order to know which model is better and 
which shows less distortion while operating at a certain frequency. This also allows to know which method is 
advantageous over other in terms of both efficiency and economically. The hardware implementation of 
model which is much better than the others 1s also done. 


Table 2. Machine parameters 


Parameters Value 
Stator Phasor resistance (Rs) 0.7 ohm 
Armature inductance 2.72e-3 H 
Flux linkage established by magnets 0.105 Wb 
Voltage constant 87.9646 (V/krpm) 
Torque constant 0.84 (N/A) 
Inertia O8e-3 J 
Viscous damping le-3 
Pole pairs 4 
Static friction 0 
Number of phases 3 
Back EMF Trapezoidal 
Mechanical Input Torque 
Back EMF flat area (degrees) 120° 


5.1. Speed control using PI controller 

The speed control is achieved by proportional and integral controller. The stator current, back EMF, 
speed and electromagnetic torque performance are analysed. The output waveforms for different 
characteristics are shown above from Figures 6 to 10. These characteristics of the BLDC motor can help in 
determining which method is best among these three. In order to reduce the harmonics the current control 
methodsis proposed and enhanced speed performance compared to the conventional methods. The 5% error is 
allowed for the error in the value of the actual speed, as the error may occur due to the switching states, 
friction force in the machine or due to the operation under variable frequency. 
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Figure 6. Output stator current 
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Figure 9. Output speed 
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Figure 10. Frequency analysis at fundamental frequency of 50 H 
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5.2. Speed control using PID controller 

The speed control is achieved by proportional, integral and derivative controller. The stator current, 
back EMF, speed and electromagnetic torque performance are analysed. The output waveforms for different 
characteristics using PID controller are depicted from Figures 11 to 15. 
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Figure 11. Output current 
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Figure 12. Back EMF 
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Figure 13. Output electromagnetic torque 
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Figure 14. Output speed 
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Fundamental (60Hz) = 0.6916 , THD= 126.93% 
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Figure 15. Frequency analysis at fundamental frequency of 50 Hz 


5.3. Speed control using proposed current controller 

For a reference speed of 1000 RPM, the actual speed is obtained among different control methods. 
The 5% error is allowed for the error in the value of the actual speed, as the error may occur due to the 
switching states, friction force in the machine or due to the operation under variable frequency. The reduced 
harmonics and improved performance of BLDC motor using proposed current controller are depicted Table 3 


and also from Figures 16 to 19. 


Table 3. Performance analysis 


Performance 

Output Speed 

Current THD 

Signal ripple 

Rise time (seconds) 
Settling time (seconds) 


PID controller PI controller Current controller 


1002RPM 1002 RPM 1002 RPM 
126.93 % 221.41 % 87.12 % 
Medium Very high Low 

0.2 0.75 0.02855 
0.6 1.8 0.1 


Stator Current la 





Current (A) 





Voltage (volts) 








> 


Time (seconds) 





Figure 16. Output current 
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Figure 17. Back EMF 
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Fundamental (60Hz) = 40.45 , THD= 87.12% 
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Figure 18. FFT analysis of BLDC motor using proposed current controller 
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Figure 19. Speed response of BLDC motor using proposed current controller 


6. CONCLUSION 

Different methods of speed control are discussed. These methods implement the use of PI controller 
and use of PID controller. These models were modeled in MATLAB/Simulink and the outputs were obtained 
for different parameters like stator Phasor current, Back EMF voltages, output speed, electromagnetic torque 
and FFT analysis. Different parameters were compared so as to conclude the method more efficient among 
the three. Frequency analysis was done with the fundamental frequency of 50Hz on the stator current (Ia) 
which showed the THD in the machine. FFT analysis is done on all of the controller techniques and the 
results were obtained. The PID controller at fundamental frequency of 50 Hz showed THD of 87.12% 
whereas the PI controller at fundamental frequency of 50 Hz showed THD of 221.41%. This showed that 
PID controller is the most suitable option among these control techniques. The machine was run for a total of 
10 seconds and the corresponding waveforms were obtained. Rise time and settling time of the output speed 
of the machine were also calculated. The simulation results showed that the use of PID controller for the 
speed control of BLDC motor proves to be more efficient? 
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